Abstract. Spatial and temporal variation in fish-assemblage structure within isolated waterholes on the floodplains of Cooper Creek, Australia, was studied during the 2001 dry season, a period of natural drought in this arid-zone river. Spatial variation in fish-assemblage structure and the abundance of five species in disconnected waterholes early in the dry season (April 2001) were related to the extent of floodplain inundation 14 months previously, and to the interconnectedness of waterholes and waterhole habitat structure. As the dry season progressed, waterhole volumes decreased owing to evaporative water loss and structural habitat elements (anabranches, bars, boulders) became exposed. Marked changes in fish assemblage structure between the early (April) and late (September) dry season were related to habitat loss but not to water chemistry. Interactions between flow and habitat across a nested hierarchy of spatial scales (the floodplain, the waterhole and habitat patches within waterholes) were crucial to the persistence of fish assemblages through the 2001 dry season. We conclude that the magnitude, timing and frequency of floodplain inundation and natural variations in waterhole volume must be maintained if we wish to sustain the distinctive habitats and fish assemblages of this arid-zone floodplain river.
Introduction
In large floodplain rivers, fish-assemblage structure often varies significantly among isolated waterbodies that remain on the floodplain after flood recession. These differences occur even when lakes and lagoons are situated in close proximity (Welcomme 1985; Kennard 1995; Rodriguez and Lewis 1997; Tejerina-Garro et al. 1998; Puckridge 1999) . Early workers suggested that fish assemblages in isolated floodplain lakes are simply random associations of species (e.g. Lowe-McConnell 1987; Goulding et al. 1988) , whereas Welcomme (1985 , Welcomme 2001 concluded that active selection of habitats is involved, with some fish species remaining near to, or in, the same depressions occupied before flooding. More recent investigations suggest an increasing role for deterministic biotic processes. Thus, random processes may predominate during the early phase of waterbody isolation but changes in habitat conditions and consequences for predation and/or competition success become increasingly important with progression of the dry season (Kennard 1995; Rodriguez and Lewis 1997; Tejerina-Garro et al. 1998; Matthews and Marsh-Matthews 2003) .
Many Australian rivers flow for much of their length through semi-arid or arid landscapes . These dryland rivers experience some of the most variable and unpredictable flow regimes on earth (Walker et al. 1995; Puckridge et al. 1998 Puckridge et al. , 2000 . Those of the Lake Eyre Basin, such as Cooper Creek, experience infrequent high-magnitude flow events (linked to El Niño/Southern Oscillation) that can inundate extensive areas of floodplain, stimulating bursts of algal, plant, invertebrate and fish production (Puckridge et al. 1998; Bunn et al. 2003; Kingsford et al. 2004) . After flood recession, Cooper Creek dries down into a complex system of anastomosing channels (the 'channel country') and several hundred relatively deep channel segments, termed 'waterholes' (Knighton and Nanson 1994) . These waterholes are the equivalent of the isolated floodplain lakes and lagoons of tropical floodplain rivers. They act as refugia for aquatic biota during dry periods (Morton et al. 1995; Lancaster and Belyea 1997; Magoulick and Kobza 2003), sustaining fish assemblages of ecological and conservation significance and species that are valued socially and economically for recreational fishing (Wager and Unmack 2000; Pusey et al. 2004) .
In Cooper Creek and other dryland rivers, isolated waterholes are threatened by human activities in their catchments (Kingsford et al. 2004 ). Alterations to hydrological regimes as a consequence of water-resource development (particularly for irrigated agriculture) are a potential threat, illegal fishing is an issue and some waterholes have been invaded by alien fish species (Kingsford et al. 1999 (Kingsford et al. , 2004 Puckridge 1999; Wager and Unmack 2000) . We need to understand the processes sustaining fish assemblages in isolated floodplain waterholes if we wish to protect local, landscape and regional biodiversity and manage water-resource development and other activities impinging on these aquatic ecosystems (Boulton et al. 2000; Bunn et al. 2003; Kingsford et al. 2004) . This paper examines spatial and temporal variation in fish-assemblage structure within isolated waterholes in the Cooper Creek catchment during the 2001 dry season. This dry period can be regarded as a natural drought, i.e. a period of low to no flow that acts as a 'press' disturbance by imposing physical and chemical stresses on biota (Lake 2000 (Lake , 2003 Humphries and Baldwin 2003; Matthews and Marsh-Matthews 2003; McMahon and Finlayson 2003) . Our objectives were to describe spatial patterns of variation in fish-assemblage structure at the scale of the waterhole and river reach over time, and to determine whether such patterns could be related to characteristics of the surrounding floodplains, the morphology of waterholes or habitat structure within waterholes. Influences of water chemistry on fish-assemblage structure were also examined. This study contributes to the Dryland River Refugia Project, a multidisciplinary investigation of processes sustaining waterhole biodiversity in Cooper Creek and other dryland rivers of western Queensland (e.g. Bunn et al. 2003) .
Materials and methods

Study area
Studies on waterhole fish assemblages were conducted at one reach of the Thomson River near Stonehenge ('Noonbah'), two reaches ('Windorah'and 'Tanbar') on Cooper Creek below the confluence of the Thomson and Barcoo Rivers and one reach on Kyabra Creek ('Springfield') ( Fig. 1) . Within each reach, three or four waterholes were selected on the basis of coarse flow and physical characteristics such as history of permanence, surface area and location. The objective was to include waterholes of different shape, size and water permanence. A large 'main' waterhole was selected plus several 'satellite' waterholes situated in an adjacent channel or upstream/downstream of it within the same channel, and generally within 5-10 km of the main waterhole (Fig. 1) . All of the study reaches were unregulated by water infrastructure.
The Cooper Creek catchment has a semi-arid climate with mean annual rainfall varying from 400 to 500 mm in the headwaters to <100 mm at its entry to Lake Eyre (Puckridge 1999; Bunn et al. 2003) . Most stream flow is generated by seasonal monsoon rainfall in the headwaters, and periodic local rainfall, resulting in highly variable patterns of floodplain inundation and flow pulses along channels (Knighton and Nanson 1994; Puckridge et al. 1998) . At Currareva, near Windorah ( Fig. 1) , the mean annual discharge is 3.05 km 3 yr −1 (97 m 3 s −1 ), with wide inter-annual variation and periods of zero flow lasting up to 21 months (based on 49 years of record). Episodic floods can inundate tens of thousands of square kilometres of floodplain (equivalent to 35% of the catchment) and serve to reconnect channels, distributaries and isolated waterholes. Mean daily maximum air temperatures at Windorah range from 38.1 • C in January to 21.4 • C in July and mean daily minima range from 24 • C in January to 7 • C in July. Mean annual evaporation exceeds 3 m and this, together with transpiration and groundwater recharge, results in transmission losses below Windorah accounting for more than twothirds of the discharge by the time it reaches the South Australian border (Anonymous 1998; Bunn et al. 2003) .
During extended periods of low or no flow, Cooper Creek dries down to mosaics of highly turbid waterholes that provide the only habitat sustaining aquatic biota. Waterholes range in length from a few hundred metres to over 20 km, have well developed levees and typically range from 2 to 5 times wider and 2 to 3 times deeper than associated channels (Knighton and Nanson 1994) . Basin morphometry and physical habitat structure vary greatly (Davis et al. 2003) and influence the persistence times of water in these refugia (S. Hamilton, personal communication).
Before our study there was a large flood in January-February 2000 (Fig. 2) , connecting all waterholes at Noonbah, Windorah and Tanbar but not those along Kyabra Creek (Springfield), where flows remained within the channel (B. Morrish, personal communication). A small in-channel flow in December 2000-January 2001 linked all Springfield sites and also connected all waterholes at Noonbah, Windorah and Tanbar. Thereafter, there was no flow through the study reaches and all waterholes decreased in volume between the early (April) and late (September) 2001 dry season.
Field methods -fish
All 15 sites in the study area were sampled for fish twice, duringApril and September 2001. Fish assemblages within each waterhole were assessed using four sampling methods (fyke nets, beach seine, small purse-shaped drag net, zooplankton net) with most sampling effort related to the use of replicate fyke nets and beach seining. Fyke nets were almost identical to those used in the lower Cooper Creek system (Puckridge 1999; Puckridge et al. 2000) . Nets were randomly located parallel to the shoreline in 1-2.0 m depth with their wings up to 14 m apart (10 m on average), spaced at least 100 m apart in an attempt to avoid catch interference between neighbouring nets. Codends were secured out of the water to ensure that any reptiles or mammals captured would not drown. Nets were set in the late afternoon and retrieved the next morning, with an average duration of 19-h capture time. Both the wing width and sampling duration were recorded for the subsequent calculation of catch per unit effort (CPUE). Beach seining (15 m × 1.5 m, 9.5 mm stretched mesh size) was undertaken during daylight hours in the littoral area to sample individuals and species too small to be collected by the fyke nets. The width and length of the littoral area sampled were recorded.
Waterholes were fished with three fyke nets and a single beach-seine haul. As fyke net catches typically took around 1.5 h per net to process, a greater level of fyke net replication was impractical. Similarly, it was often difficult to locate suitable stretches of bank for beach-seine use and a single littoral transect per site was chosen for practical reasons. In waterholes retracted to <300 m owing to natural drying, we only set two fyke nets. Trial sampling with up to 10 nets suggested that two fyke nets and one beach-seine haul were sufficient to determine the total number of species in any waterhole. Fyke-net efficiency appeared not to be affected by the contraction of waterholes and potential concentration of fish in shallow water; very low rather than high numbers of fish were still caught. Conversely, high numbers of fish were caught in most large, deep waterholes where a dilution effect might be expected. Thus, the large differences in catch recorded in small, shallow versus large, deep waterholes could be conservative. A small purse-shaped drag net (2.5 × 1.1 m wide, 2.2 m deep with 1mm mesh) used for the collection of small fish and invertebrates for other components of the project occasionally captured additional small fish species (e.g. Hypseleotris spp.) that were missed in the fyke nets or beach-seine. Plankton tows also caught small fish on occasion. Additional species collected by these methods were added to the presence/absence data for each waterhole. Fish were identified to species level using Allen et al. (2002) and species lists for the Lake Eyre Basin (Puckridge 1999; Wager and Unmack 2000) and counted. Apart from alien species (goldfish, Carassius auratus and mosquitofish, Gambusia holbrooki) and small samples retained for genetic and food-web analyses, all fish were returned to the water alive. Three catches from Murken, Mayfield and Yappi waterholes in April 2001 contained extremely high numbers of fish (>2000 individuals in one fyke net). These catches were sub-sampled by counting two 70-L bins full of fish and scaling up to give the total number of individuals per species.
Field methods -waterhole physical character and water chemistry
Processes that influence fish assemblages in river systems operate at multiple spatial scales (Frissell et al. 1986; Schlosser and Angermeier 1995; Labbe and Fausch 2000; Ward et al. 2002) . In floodplain systems, it is appropriate to focus on three scales -the floodplain, the entire waterbody and habitat heterogeneity within each waterbody (Junk et al. 1989; Kennard 1995; Rodriguez and Lewis 1997; Amoros and Bornette 2002; Fausch et al. 2002; Davis et al. 2003) . Thirty-eight physical variables (Table 1) were measured at these spatial scales from either remotely sensed imagery, aerial photographs or by surveying individual waterholes following methods developed by Parsons et al. (2004) . Physical data were collected in April 2001 in association with fish sampling, with additional observations made and photographs taken during September 2001 to document changes in waterhole characteristics over time.
Ten physico-chemical water variables were determined for each waterhole on both sampling occasions: pH; conductivity; turbidity; total suspended solids; total hardness; total carbonates; total nitrogen; N : P ratio; sulphates; and silicates. Water samples were collected at Perimeter ( the surface and analysed in the laboratory following standard methods (APHA 1975) .
Statistical analysis
Patterns of variation in fish-assemblage structure across waterholes were analysed using standardised CPUE data (sum of three fyke net catches with a wing width of 10 m and sampling duration of 19 h). Catch-perunit-effort data were also used as a measure of total fish abundance and the abundance of individual species per waterhole. The total number of species per waterhole on each sampling occasion was calculated from the pooled results of all sampling methods (fyke nets, beach seine, purse seine, zooplankton net). Ordination analyses, based on Bray-Curtis similarity matrices obtained from log 10 (CPUE + 1), and species presence/absence data, were performed using hybrid non-metric multi-dimensional scaling (PRIMER-E version 5, available at http://www.primer-e.com/, verified January 2005) to identify any patterns in fish presence/absence and assemblage structure among waterholes. One-way analysis of similarities (ANOSIM -non-parametric equivalent of MANOVA) based on the same Bray-Curtis matrices was used to identify significant differences in fish-assemblage structure among the four river reaches in April and September 2001. Two-way crossed ANOSIMs based on the April and September 2001 sampling data were used to identify differences in fishassemblage structure between sampling occasions and study reaches.
BIO-ENV (Clarke and Warwick 2001) was used to investigate relationships between floodplain features, waterhole characteristics, water chemistry and fish-assemblage structure. Before BIO-ENV, autocorrelated variables describing waterholes and water chemistry were removed after redundancy analysis identified variables that were highly correlated (Spearman rank correlations, r s > 0.8) (see Table 1 ). Similarity matrices used in BIO-ENV analyses were also used to generate ordination plots. Environmental similarity matrices were based on normalised Euclidean distance rather than Bray-Curtis measures. Relationships between fish spatial patterns, environmental patterns at the floodplain, waterhole and within waterhole scales, and water chemistry, were examined for the April and September sampling trips using CPUE and presence/absence data.
Relationships between the abundance of fish species, floodplain and waterhole characteristics and water chemistry were investigated using Spearman rank correlations (SPSS 11.5; SPSS Inc., Chicago, IL). The likelihood of Type I errors was reduced by setting the α level at <0.001 (Keppel 1991) . To avoid committing Type II errors, we also noted correlations at α < 0.05 if there was a consistent pattern of response to any environmental variable (i.e. two or more fish species or assemblage metrics correlated with any one variable within a dataset).
Results
Fish were collected from all 15 waterholes on both sampling occasions (Table 2 ) and spatial variation in total abundance was pronounced. Total CPUE (fish per waterhole) in April 2001 varied from 84 at One-Mile (Springfield) to 46 591 at Yappi waterhole on the Tanbar reach (Fig. 3) . The largest catch was collected from the 'main' waterhole only at Noonbah (Top waterhole). Spatial variability in total abundance was also apparent in September 2001, but much less pronounced than in April, with a maximum CPUE of 1028 at Glenmurken waterhole on the Windorah reach and a minimum CPUE of 30 at Yalungah on the Tanbar reach of Cooper Creek.
The fauna was comprised of 12 indigenous fish species in eight families and two alien species, the goldfish and mosquitofish ( Creek tandan, Neosiluroides cooperensis, in six of the 15 waterholes, but not in Springfield waterholes on Kyabra Creek, nor from Tanbar waterholes along the southern reach of the study area.
Indigenous species richness per waterhole based on all sampling methods varied from 7 to 11 species in April to 4 to 8 species in September 2001. The most diverse assemblages were recorded at Windorah (7-11 species) followed by Noonbah (8-10 species), Tanbar (8-9 species) and Springfield (7-8 species). In April, the main waterholes in most reaches did not support more species than satellite waterholes. The exception was the Windorah reach, where both Murken (main) and Mayfield (satellite) waterholes supported 11 species, with 10 species in common. In September 2001, more species were found in the main waterholes at Springfield and Tanbar than in their satellites.
Spatial variation in species composition of waterhole fish assemblages was accompanied by considerable variation in patterns of relative abundance. In April 2001, mean faunal similarity based on the Bray-Curtis metric for CPUE data ranged from 69.3 ± 2.7 at Tanbar to 77.5 ± 3.3 at Springfield, whereas by September 2001, fish assemblages were considerably more differentiated, especially at Tanbar (Table 3) . Ordination plots based on CPUE and presence/absence data highlight the increasing spatial variation of fish assemblages with the passage of the dry season (Fig. 4 ). Significant differences in fish-assemblage structure were also evident at the reach scale, as shown by ANOSIM results (Table 4) , especially between the Noonbah and Tanbar reaches -the northern and southern parts of the study area (see Fig. 1 ).
Temporal variation in fish-assemblage structure was pronounced. At most waterholes, far more fish were caught in April than September (Fig. 3) and the overall decline in fish abundance (CPUE) across all waterholes during the 2001 dry season was 93%, with widespread species declining in abundance as follows: Ambassis sp. (97%); P. argenteus (95%); N. hyrtlii (95%); N. erebi (85%); and L. unicolor (83%). Species richness was, with two exceptions (Pelican waterhole at Noonbah, Tanbar waterhole at Tanbar), lower in September than in April. Highly significant temporal differences in CPUE and presence/absence patterns were detected using two-way crossed ANOSIM (Table 4) . Ordination plots based on CPUE and presence/absence data highlight these temporal changes in fish-assemblage structure (Fig. 4) , the CPUE data showing marked repositioning of reach groups in ordination space from bottom left (April 2001) towards the top left (September 2001) of ordination space. Presence/absence patterns were also more variable by September (Fig. 4) .
Some of the drivers of these spatial and temporal variations in fish-assemblage structure among waterholes and river reaches are suggested by results of BIO-ENV analyses. In April 2001, four variables (straight-line distance to nearest waterhole, scour holes, hydraulic radius and miscellaneous bars) explained 36% of variation in fish-assemblage structure based on CPUE data (Table 5) . Similar characteristics accounted for 36% of the variation in species presence/absence patterns (Table 5) . In September 2001, fishassemblage structure based on CPUE was related to bifurcation ratio, waterhole morphology (cross-sectional area, width to depth ratio) and within-waterhole characteristics (off-take channels and boulders). These variables explained about 33% of observed spatial patterns in fish-assemblage structure in September.
Melanotaenia splendida tatei, P. argenteus, L. unicolor, Macquaria sp. B and S. barcoo were all more abundant in waterholes with large total and/or effective floodplain width (Table 6) , total fish abundance being maximal atYappi waterhole (Tanbar), where the floodplain is about 7 km wide. The shape index of waterholes, and/or the frequency of occurrence of sidebars, was correlated with the abundance of Macquaria sp. B, N. hyrtlii, S. barcoo, M. s. tatei, Ambassis sp. and N. erebi in April. There is also evidence that the occurrence of anabranches influenced some species as well as total fish abundance both early and late in the dry season; this relationship varied from negative to positive over time (Table 6 ). SLD = Straight-line distance to nearest waterhole, SH = scour holes, HR = hydraulic radius, BAR = bars, EFW = effective floodplain width, BBC = bed and bank complexity, OC = off-take channels, BR = bifurcation ratio, CSA = cross-sectional area, WD = width to depth ratio, BOU = boulders, B = bench, OV = overhanging vegetation.
Spatial variation in fish-assemblage structure was not generally influenced by the chemical characteristics of the water remaining in isolated waterholes apart from an apparent association between conductivity and fish numbers early in the isolation phase. At this time, total fish abundance and the abundance of four fish species were correlated with conductivity levels, but there was no effect of conductivity on the structure of fish assemblages or particular species in September 2001 (Tables 5 and 6 ).
Discussion
The fauna of the study area included four species confined to central Australia -the Cooper Creek endemic N. cooperensis, Macquaria sp. B, M. s. tatei, and B. welchi. Five species collected have a tropical and central Australian distribution -P. argenteus, N. hyrtlii, L. unicolor, northwest Ambassis and S. barcoo, whereas R. semoni has a subtropical and temperate distribution and N. erebi is widespread in central, eastern and northern Australia (Allen et al. 2002; Pusey et al. 2004) . Only one species known from the Cooper Creek system, the Lake Eyre hardyhead, Craterocephalus eyrsii, was not collected in our study area. This was expected, given that it occurs only occasionally in the lower reaches of Cooper Creek near Lake Eyre (Puckridge 1999; Wager and Unmack 2000) . Spatial and temporal variation in fish-assemblage structure in Cooper Creek waterholes over the 2001 dry season was influenced by processes operating in a nested hierarchy of spatial scales -the floodplain around each waterhole, the entire waterhole and patches of habitat within waterholes (cf. Frissell et al. 1986; Rodriguez and Lewis 1997; Labbe and Fausch 2000) . The influence of floodplain processes on fishassemblage structure was most apparent early in the 2001 dry season (April), when fish-assemblage structure, total fish abundance and the abundances of five species were related to total and/or effective width of surrounding floodplains. We suggest that these measures of floodplain width served as surrogates for the actual area of floodplain inundated during the summer flood of 1999 -2000 (14 months prior to April 2001 . This large flood (see Fig. 2 ) inundated the full width of the floodplain around all waterholes except those along Kyabra Creek.
Many studies in large floodplain rivers have found similar relationships between fish catches in dry season habitats in one year and the area of floodplain inundated in the same or in preceding years (Christensen 1993; Welcomme 2001) . These relationships arise because inundated floodplains provide important nursery areas for larval and juvenile fishes and also allow older fish to disperse, feed and accumulate sufficient fat reserves to survive the dry season and complete reproduction (Humphries et al. 1999; Welcomme 2001; King et al. 2003) . When floodwaters recede, large numbers of fish are available to colonise dry-season lakes and waterholes (Welcomme 2001) . These uses of inundated floodplains are central to the 'Flood Pulse Concept' (Junk et al. 1989) . In Cooper Creek, all indigenous fish species, except possibly N. cooperensis, make use of inundated floodplains as juveniles and maturing individuals and/or as spent adults (S. Bunn and S. Balcombe, unpublished data) . Their use of floodplain habitats has also been reported in other Australian floodplain rivers (Bishop and Forbes 1991; King et al. 2003; Mallen-Cooper and Stewart 2003; Pusey et al. 2004) . Our evidence of the influence of antecedent flooding on dry-season fish assemblages is also consistent with the work of Puckridge (1999) and Puckridge et al. (2000) on fish assemblages of the Coongie Lakes along the lower Cooper Creek system. The most distinctive variations in fish-assemblage structure recorded in the intermittently inundated Coongie Lakes were associated with the largest antecedent flow pulse and its effects on fish populations compounded over successive years.
Two other floodplain factors influenced spatial variations in fish-assemblage structure in dry-season waterholes -connectivity (SLD = straight-line distance of each waterhole to the nearest waterhole) and bifurcation ratio (number of channels present within a floodplain divided by floodplain width). Waterholes that were closer together on a floodplain (low SLD) (e.g. Murken and Mayfield waterholes at Windorah) were more likely to have similar fish faunas than those far apart (high SLD). However, channel distance to nearest waterhole (CD), another route for fish movement between waterholes, was not associated with spatial variations in fishassemblage structure. It is possible that these simple measures of 'connectivity' (SLD and CD) do not adequately represent the spatial configurations and degree of interconnectedness of isolated waterholes in the study area (cf. Olden et al. 2001; Amoros and Bornette 2002; Sheldon et al. 2002) . Surprisingly, the relative density of channels on the floodplain (bifurcation ratio) influenced variations in fish-assemblage structure only in September 2001, seven months after floodplain inundation. We might expect the influence of floodplain channels to be important shortly after flooding and flood recession, when auxillary channels dissecting the floodplain provide depth, velocity and directional cues that 'funnel' fish into waterholes or floodplain lakes (Welcomme 1985; Bishop et al. 1995) . Alternatively, the bifurcation ratio may be a surrogate for other floodplain or channel features correlated with fish-assemblage structure in September 2001, such as off-take channels and anabranches that enter waterholes at various elevations along the basin profile. The exposure of these features as water levels fell over the dry season could equate to loss of habitat availability/heterogeneity, with effects on fish likely to be more evident later in the dry season.
Planform dimensions, such as surface area, perimeter and shoreline complexity, often influence fish-assemblage structure in lakes and floodplain lagoons (e.g. Eadie and Keast 1983; Jackson et al. 2001) , with larger waterbodies typically receiving more fish during floodplain recession than small ones (Kennard 1995; Welcomme 2001 ). This was not the case in Cooper Creek. Instead we found relationships between fish-assemblage structure, waterhole cross-sectional area and width-to-depth ratio in September 2001. These factors influence variation in water loss owing to evaporation, the major process governing water loss from Cooper Creek waterholes between episodic floods and flow pulses (S. Hamilton, personal communication). Evaporation rates are highly variable among waterholes, in part owing to their different sizes, their effective width for wind action, the degree of channel incision below levees and the height and width of riparian vegetation (S. Hamilton, personal communication).These features affect wind-induced turbulence at the water surface, exposure of the surface to solar heating and convective air circulation above the water surface (Brutsaert 1982) . Thus some Cooper Creek waterholes experienced much greater water loss than others over the 2001 dry season (S. Hamilton, personal communication) and this influenced their habitat structure and fish assemblages.
The effect of variation in the structure, heterogeneity and availability of wetted habitat was clearly apparent in both April and September 2001. With decline in waterhole depth and volume, waterhole features, such as benches, bars, off-take channels and anabranches, can be exposed and desiccated, depending on their elevation along the basin profile, presence of sills and bars and other basin irregularities (A. Arthington, personal observations). As water levels recede, fish may become trapped and stranded, much as they do on the floodplain during flood recession (Ruello 1976; Welcomme 1985; Puckridge 1999) .At low water levels, exposure of boulders, root masses and large woody debris, and decreasing depth of scour holes, can reduce the range of sheltered places where fish can rest and forage, or conceal themselves from predators, lurk in ambush and launch attacks on prey (Crook and Robertson 1999) . The influence of habitat structure (especially structurally complex habitat such as submerged branches, leaf litter and aquatic vegetation) on fish-assemblage structure has been demonstrated in other dry-season floodplain habitats (Kennard 1995; Welcomme 2001) . Loss of habitat is also important in intermittent streams subject to periods of natural drought (Stanley et al. 1997; Labbe and Fausch 2000; Magoulick and Kobza 2003; Matthews and Marsh-Matthews 2003) .
A notable feature of this study was the low total abundance of fish (Fig. 3) and significantly different fish assemblages in Springfield waterholes along Kyabra Creek (Table 3 ). These differences may reflect the fact that the floodplains at Springfield have not experienced major flooding since 1989 (12 years prior to this study). Small summer flow pulses have occasionally over-topped the banks at Springfield, but these have resulted in localised flooding with inundation being restricted to very small areas around waterholes for a few days (B. Morrish, personal communication). The floodplains around Springfield waterholes are highly constrained, with effective floodplain widths (1640-6060 m) that are the lowest recorded in the study area. Infrequent floodplain inundation, relatively small areas flooded and short periods of inundation appear likely to diminish opportunities for production of fish species that typically use floodplain habitats for feeding, growth and maturation. An additional factor with potential to depress fish populations could be the high turbidity and low primary production levels recorded in Springfield waterholes (S. Bunn and C. Fellows, unpublished data) .
Spatial and temporal patterns of fish-assemblage structure in Cooper Creek waterholes reinforce many investigations of fish assemblages in floodplain rivers during their dryseason isolation phase (e.g. Kennard 1995; Lewis 1994, 1997; Tejerina-Garro et al. 1998; Puckridge et al. 2000; Saint-Paul et al. 2000; Welcomme 2001 ). Findings from this study are also consistent with the impacts of natural, seasonal droughts on fish assemblages and speciesabundance patterns in intermittent streams (Closs and Lake 1996; Humphries and Baldwin 2003; Magoulick and Kobza 2003; Matthews and Marsh-Matthews 2003) . Importantly, this study shows that factors affecting fish-assemblage structure and abundance in isolated floodplain waterbodies cannot be fully revealed by investigations conducted only at the local (waterhole) scale. Our hierarchical, multi-scale approach was needed to reveal the influence of antecedent flooding, interconnectedness of waterholes and waterhole habitat structure on fish-assemblage structure in dry-season waterholes (cf. Junk et al. 1989; Schlosser and Angermeier 1995; Labbe and Fausch 2000; Amoros and Bornette 2002; Sheldon et al. 2002; Magoulick and Kobza 2003; Scheurer et al. 2003) .Across this nested hierarchy of spatial scales, interactions between flow and physical habitat were crucial to the persistence of fish assemblages in Cooper Creek during the 2001 dry season, a period of natural drought (Lake 2000 (Lake , 2003 in this arid-zone river. We conclude that the magnitude, timing, frequency and duration of floodplain inundation and natural variations in waterhole volume (i.e. the natural hydrologic regime, Poff et al. 1997 ) must be maintained if we wish to sustain the distinctive habitats and fish assemblages of this arid-zone floodplain river.
